An abundant presynaptic protein, ␣-synuclein, is centrally involved in the pathogenesis of Parkinson's disease. However, conflicting data exist about the normal function of ␣-synuclein, possibly because ␣-synuclein is redundant with the very similar ␤-synuclein. To investigate the functions of synucleins systematically, we have now generated single-and double-knockout (KO) mice that lack ␣-and͞or ␤-synuclein. We find that deletion of synucleins in mice does not impair basic brain functions or survival. We detected no significant changes in the ultrastructure of synuclein-deficient synapses, in short-or long-term synaptic plasticity, or in the pool size or replenishment of recycling synaptic vesicles. However, protein quantitations revealed that KO of synucleins caused selective changes in two small synaptic signaling proteins, complexins and 14-3-3 proteins. Moreover, we found that dopamine levels in the brains of double-KO but not single-KO mice were decreased by Ϸ20%. In contrast, serotonin levels were unchanged, and dopamine uptake and release from isolated nerve terminals were normal. These results show that synucleins are not essential components of the basic machinery for neurotransmitter release but may contribute to the long-term regulation and͞or maintenance of presynaptic function.
T
he abundant soluble protein ␣-synuclein is highly enriched in nerve terminals (1) (2) (3) (4) and has a central role in the pathogenesis of Parkinson's disease (5, 6) . Pathologically, Parkinson's disease is characterized by Lewy bodies, which are eosinophilic inclusions in the neuronal cytoplasm that contain ␣-synuclein filaments (7) . Genetically, a subset of familial Parkinson's disease patients harbors a mutant ␣-synuclein gene (6, (8) (9) (10) . Thus, ␣-synuclein is linked to Parkinson's disease both genetically and neuropathologically.
Although the role of ␣-synuclein in Parkinson's disease is well established, its normal function remains unclear. Synuclein is absent from invertebrates, suggesting that it is not essential for synaptic transmission but may be involved in a vertebratespecific specialization of synapses (e.g., synaptic plasticity). This conclusion is supported by the relatively late translocation of ␣-synuclein into presynaptic terminals during synaptogenesis, after functional synapses have been established (11) . However, investigation of synapses lacking ␣-synuclein led to conflicting results. Whereas the original characterization of ␣-synuclein KO mice failed to detect major changes in the structure and function of synapses [only a minor use-dependent alteration of dopamine release was observed (12) ], subsequent studies indicated that deletion of ␣-synuclein induces a massive loss of synaptic vesicles from nerve terminals, a decrease in synaptic responses during repetitive stimulation, and an impairment in the recovery of synaptic responses from use-dependent depression (13, 14) . These studies have led to the notion that, consistent with its localization, ␣-synuclein may regulate synaptic plasticity (reviewed in ref. 15) .
A confounding problem in studying ␣-synuclein is the presence of ␤-and ␥-synucleins, two highly homologous isoforms (1-3, 16-20) (reviewed in ref. 21 ). The ␣-and ␤-synucleins are widely colocalized in presynaptic nerve terminals throughout the brain but absent from peripheral tissues. In contrast, ␥-synuclein is largely absent from forebrain (13, 19) but is abundant in specialized neurons, such as dorsal root ganglia (17) . It is also present in nonneuronal tissues (19, 20) and overexpressed in breast cancer cells (18) . The high degree of coexpression of ␣-and ␤-synuclein indicates the potential for functional redundancy, which may have obscured an essential role of ␣-synuclein in ␣-synuclein KO mice. To address this possibility, we have now generated single-and double-KO mice of ␣-and ␤-synucleins. Our data demonstrate that the synucleins are not essential for basic synaptic functions (e.g., neurotransmitter release, synaptic vesicle numbers and pools, and synaptic plasticity) but are redundantly required for maintaining normal dopamine levels in the nigrostriatal system.
Materials and Methods
General. All data are given as mean Ϯ SEM (except for ultrastructural data, which are given as mean Ϯ SD), and all tests for statistical significance were performed with Student's t test.
Generation of ␤-Synuclein KO Mice. By using genomic clones containing the entire ␤-synuclein gene, we constructed a targeting vector in which the first coding exon is flanked by loxP sites (Fig.  1) . The vector was used in R1 embryonic stem cells (22) for standard homologous recombination experiments (23) . The resulting mutant mice were crossed with protamine-cre transgenic mice (24) to remove the floxed exon and ␤-actin Flp transgenic mice (25) to remove the neomycin cassette. Genotyping was performed by PCR using the following oligonucleotide primers: SC02105, 5Ј-AGGACACCACTGGCCCCGAGTCC-3Ј; SC02106, 5Ј-GACG-CACGTCCGCACGTCCACCC-3Ј; and SC01114, 5Ј-TGCCCCT-GAAATGCTGCGCC-3Ј, which generated a 320-bp WT, a 360-bp floxed, and a 300-bp cre-excised product, respectively. We obtained ␣͞␤-synuclein double-KO mice by crossing the ␤-synuclein KO mice with previously generated (26) ␣-synuclein KO mice.
Protein Quantitations. Brain homogenates from four adult littermate
mice (Ϸ2 months old) were analyzed by quantitative immunoblotting using 125 I-labeled secondary antibodies and PhosphorImager detection (Molecular Dynamics) (26) with GDP-dissociation inhibitor (GDI) and vasolin-containing protein (VCP) as internal standards.
rials and Methods, which is published as supporting information on the PNAS web site, for a detailed description).
Optical Imaging. Dissociated cortical neurons from 2-to 3-day-old mice were cultured at high density and examined by FM1-43 staining at 14 days in vitro (27) 
(see Supporting Materials and Methods).
Light and Electron Microscopy. Brain sections from 2-month-old mice were examined by light and electron microscopy (28) . For quantitation of dopaminergic neurons, coronal brain sections (30 m thick) were stained with an antibody to tyrosine hydroxylase (TH; 1:2,000 dilution; Protos Biotech, New York), and the unbiased stereological optical fractionator method was used to count substantia nigra TH-positive neurons [n ϭ 177-398 neurons per animal, with n ϭ 4 male mice per genotype (8 total) (29) ]. For quantitation of synaptic parameters, randomized digital electron micrographs taken from cultured neurons at day 14 in vitro (30) were examined. Data shown were obtained from three independent cultures that contributed equally to the final numbers.
Quantification of Striatal Monoamines. The dorsal striatum was dissected and sonicated in ice-cold 0.1 M perchloric acid containing 3,4-dihydroxybenzylamine (Sigma) as an internal standard. After centrifugation, dopamine, serotonin, and metabolites were analyzed in the supernatant by HPLC Stimulus-dependent release of dopamine and GABA was monitored in a superfusion chamber (33, 34) . For each time point, the fractional-release rate of dopamine and GABA was calculated as the fraction of released radioactivity divided by the amount of radioactivity remaining on the filter.
Results
Generation of ␤-Synuclein Knockout (KO) Mice. By using genomic clones containing the entire murine ␤-synuclein gene, we constructed a ␤-synuclein targeting vector in which the first coding exon is flanked by loxP sites (Fig. 1) . We used this targeting vector for homologous recombination experiments with R1 embryonic stem cells (26), and we generated mice that transmitted the mutant ␤-synuclein allele through the germ line. We bred the mutant mice with each other and with transgenic mice that express either flp or cre recombinase in the germ line (24, 25) . In this manner, we generated homozygous mutant mice that contained either the initially targeted gene, the targeted gene without the neomycin cassette, or the targeted gene lacking the first coding exon (Figs. 1 and 7, which is published as supporting information on the PNAS web site).
Homozygous mice containing the initially targeted mutant ␤-synuclein gene (BSC) did not express ␤-synuclein, as determined by immunoblotting (Fig. 7B) , probably because the neomycin-resistance cassette is present in the mutant gene. Removal of the neomycin-resistance gene cassette with flp recombinase restored ␤-synuclein expression, whereas subsequent deletion of the first coding exon with cre-recombinase abolished ␤-synuclein expression again. Thus, we produced with our targeting strategy both conditional ␤-synuclein KO mice (after flp recombination only) and constitutive ␤-synuclein KO mice (after cre recombination). The conditional KO mice may prove to be useful in analyses of ␤-synuclein function in specific brain regions. However, in the present study, we focused on the constitutive ␤-synuclein KO mice because our goal was to establish the baseline function of synucleins.
Characterization of the ␣͞␤-Synuclein Double-KO Animals. Systematic breeding experiments revealed that homozygous ␤-synuclein KO mice were viable and fertile, either as single ␤-synuclein or as ␣͞␤-synuclein double KOs. When we examined the frequency of genotypes in adult offspring of heterozygous matings, we detected no decrease in survival of single-or double-mutant mice. [Mendelian ratios of adult surviving mutant mice were as follows: 1.1:2.0:
mice (n ϭ 219), and 1.0:2.0:
] Because ␤-synuclein may act as an ''anti-Parkinson'' factor that prevents ␣-synuclein aggregation and, hence, neurodegeneration (35), we also tested whether aged ␤-synuclein KO animals exhibited signs of neurodegeneration or a shorter lifespan. However, ␤-synuclein KO mice developed no obvious age-dependent phenotype at Ͼ1.5 years, were indistinguishable from aged WT littermates (data not shown), and had a similar lifespan. These data demonstrate that simultaneous deletion of both synucleins does not impair survival.
Next, we used quantitative immunoblotting to measure the levels of 36 proteins (Table 1 , which is published as supporting information on the PNAS web site). We compared ␣͞␤-synuclein double-KO mice with ␣-synuclein single-KO littermate control mice because studies have shown that the ␣-synuclein KO mice exhibit no significant changes in any studied protein (26) . The levels of most proteins were not changed significantly, with three exceptions (Table 1) : (i) ␥-synuclein was increased by Ϸ50% in ␣͞␤-synuclein double-KO mice; (ii) 14-3-3 protein was increased by Ϸ30%, whereas 14-3-3 protein was decreased by Ϸ30%; and (iii) complexin was increased by Ϸ30%. The ␥-synuclein increase in the ␣͞␤-synuclein KO probably reflects a compensatory change, but because ␥-synuclein levels in the CNS are very low (21), a 50% increase is very small. The 14-3-3 proteins are signaling molecules that recognize and dimerize a large number of target phosphoproteins (36) , and they may interact with ␣-synuclein (37). Thus, the changes in 14-3-3 proteins in the synuclein KO mice could reflect a functional relationship. Complexins are small soluble presynaptic proteins like synucleins (38) . Complexins bind to assembled SNARE complexes and regulate neurotransmitter release (39) . The increase in complexin levels in the synuclein double-KO mice may reflect a functional relationship of synucleins with complexins or a compensatory mechanism to make up for the loss of an abundant soluble presynaptic protein in the synuclein KO mice.
Synapse Structure in ␣͞␤-Synuclein Double-KO Mice. We found no structural abnormalities in the overall brain morphology of ␣͞␤-synuclein double-KO mice by Nissl staining (Fig. 8A , which is published as supporting information on the PNAS web site). Electron microscopy of brain sections also failed to reveal obvious abnormalities (data not shown). Similarly, in cultured cortical neurons from synuclein KO and control mice, we detected no deficits in the staining of synaptic markers, such as synaptophysin, rab3a, and synapsin (Fig. 8B , Supporting Materials and Methods, and data not shown). We then analyzed the structure of synapses in cultured neurons from ␣-synuclein single-KO and ␣͞␤-synuclein double-KO mice by quantitative electron microscopy (Fig. 2) . We detected no significant changes in the presynaptic bouton area (␣ Ϫ/Ϫ ␤ ϩ/ϩ ϭ 0.497 Ϯ 0.37 m To exclude the possibility that deletion of synucleins selectively depletes synaptic vesicles in a subgroup of synapses, we also measured the distribution of synaptic vesicle densities among different synapses, and again we found no significant difference between ␣-synuclein single-KO synapses and ␣͞␤-synuclein double-KO synapses (Fig. 2B) .
Synaptic Vesicle Pool Size. Recent reports (13, 14) have suggested that loss of ␣-synuclein severely decreases the number of reserve vesicles that are mobilized during repetitive stimulation, although an earlier study did not detect such a change (12) . To determine whether synucleins are essential for reserve vesicles, we measured the total size of the synaptic vesicle recycling pool (which is composed of the readily releasable pool and the reserve pool) in neurons from ␣-and ␤-synuclein single-KO, double-KO, and littermate control mice. By using high-K ϩ stimulation (47 mM K ϩ for 90 s), we loaded recycling vesicles in cultured neurons with the styryl dye FM1-43. High-K ϩ stimulation induces synaptic vesicle exocytosis and endocytosis, which lead to the internalization of FM1-43 into synaptic vesicles (40) . After washout of free dye, we monitored the release of FM1-43 from the vesicles when exocytosis is induced by high-frequency field stimulation (Fig. 9 , which is published as supporting information on the PNAS web site), and we determined the total amount of FM1-43 fluorescence that is reversibly taken up into synaptic vesicles per bouton, a parameter that reflects the size of the total recycling vesicle pool (Fig. 3) . We detected no significant change in the release rate of FM1-43 or in the size of the recycling vesicle pool in synuclein-deficient synapses. Thus, consistent with the normal vesicle numbers observed by electron microscopy and the normal levels of most synaptic proteins, synuclein single-and double-KO mice exhibited no decrease in the size of synaptic vesicle pools.
Synaptic Physiology. The vertebrate-specific expression of synucleins suggests a possible role for synucleins in synaptic plasticity (15) . To investigate this possibility, we examined five principal forms of synaptic plasticity in hippocampal slices from littermate mice in three genotype comparisons (WT vs. ␣-synuclein KO mice, WT vs. ␤-synuclein KO mice, and ␣-synuclein KO vs. ␣͞␤-synuclein double-KO mice; Figs. 4 and 10, which is published as supporting information on the PNAS web site).
We first studied two forms of short-term plasticity, pairedpulse facilitation, and posttetanic potentiation by monitoring extracellular synaptic potentials. Paired-pulse facilitation is the enhancement of neurotransmitter release in the second of two closely spaced stimuli. Posttetanic potentiation is a longerlasting enhancement of release induced by a short intense burst of action potentials. For all tested genotype combinations, both forms of plasticity were unchanged (Fig. 4 A and B) .
We next probed use-dependent synaptic depression. We applied 14-Hz stimulus trains to WT and mutant hippocampal slices (Fig. 4C) . In all genotypes, we observed a typical biphasic decrease in amplitudes during the 14-Hz stimulus train, without significant differences between WT and KO slices. This result is consistent with the FM labeling results that also failed to detect a change in the size of recycling and reserve vesicle pools in the synuclein KO mice. However, it is possible that, in synuclein KO mice, an increase in vesicle recycling compensates for a partial decrease in pool size. To rule out this possibility, we measured the time course with which synaptic responses recover after use-dependent depression was induced by high-frequency stimulation. Again, we detected no difference between the various genotypes (Fig. 4D) , effectively ruling out a major problem in the vesicle numbers, pools, or dynamics in the ␣͞␤-synuclein double-KO mice. Last, we investigated whether deletion of synucleins had an effect on long-term potentiation, but as before, we detected no difference (Fig. 10) . Dopaminergic System. In Parkinson's disease, mutations in the ␣-synuclein gene lead to a selective loss of dopaminergic neurons even though ␣-synuclein is widely expressed in the brain. Therefore, we examined whether deletion of ␣-and͞or ␤-synuclein may have an effect on the dopaminergic system. We first quantified striatal levels of dopamine and its metabolites by HPLC. Compared with WT controls, dopamine levels in the striatum of synuclein double-KO mice, but not of individual ␣-or ␤-synuclein KO mice, were decreased by 18% (Fig. 5A) . In contrast, the levels of the dopamine metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) were unchanged, suggesting that dopamine catabolism is not altered dramatically (Fig. 5B and data not shown) . In addition, levels of the monoamine 5-hydroxytryptamine (5-HT) were also unaffected (Fig. 5C) , indicating that the change in dopamine levels is selective.
A loss of dopaminergic neurons in the substantia nigra, as typically observed in Parkinson's disease, could cause the decrease in dopamine in the synuclein KO mice. To test this possibility, we stained dopaminergic neurons in the substantia nigra with an antibody to TH, and we counted dopaminergic neurons by using stereological methods (Fig. 11 , which is published as supporting information on the PNAS web site). We found that the number of TH-positive cells was similar for WT and ␣͞␤-synuclein double-KO male mice (5,428 Ϯ 881 vs. 5,418 Ϯ 554 cells per substantia nigra; n ϭ 4 per genotype), suggesting that synucleins are not essential for the development or survival of dopaminergic neurons.
We next investigated whether the protein levels of key monoamine biosynthetic enzymes, such as TH, were altered in synuclein KO mice, but we found no significant change (Table 1 and Fig. 7) . In a final set of experiments, we evaluated the uptake and the release of dopamine from striatal synaptosomes. We found that total dopamine uptake into synaptosomes was only slightly decreased in ␣͞␤-synuclein double-KO samples compared with WT controls (94 Ϯ 2.9% of controls). For release experiments, we loaded synaptosomes from littermate ␣-synuclein single-KO mice and ␣͞␤-synuclein double-KO mice with both 3 H-dopamine and [ 14 C]-GABA, and we used a superfusion system to stimulate neurotransmitter release by successive brief applications of a high-K ϩ and a hypertonic sucrose solution (33) . The fractional-release rate for dopamine and GABA determined in this manner exhibited no difference between ␣-synuclein single-KO mice and ␣͞␤-synuclein double-KO mice (Fig. 6) . Similar results were obtained when double KOs were compared with WT animals (data not shown). Collectively, these data suggest that the synthesis, release, and reuptake of dopamine are not impaired dramatically in the synuclein KO animals.
Discussion
Much progress has been made in elucidating the role of ␣-synuclein in the pathogenesis of Parkinson's disease, but the normal function of this abundant protein remains a mystery. The high concentration of synucleins in presynaptic terminals suggested an essential role for synucleins in synapse formation, neurotransmitter release, or synaptic plasticity. Contrary to this expectation, the data presented here show that synucleins are not essential for any of these processes. We found that the deletion of ␣-and ␤-synucleins did not impair synaptic parameters, such as the structure of synapse, release of neurotransmitters, mobilization of synaptic vesicles, or forms of short-and long-term synaptic plasticity. Among other findings, these data demonstrate that the lack of a major phenotype in the observed ␣-synuclein KO mice (12, 26) is not due to redundancy between ␣-and ␤-synucleins. However, our results differ from those of Cabin et al. (14) who observed a dramatic loss of reserve vesicles and an increase in synaptic depression in ␣-synuclein KO mice. A difference in the mouse models that were used may explain this discrepancy. The ␣-synuclein KO mice that we (26) and Abeliovich et al. (12) generated were made by deleting exons 1 and 2, whereas Cabin et al. (14) targeted exons 4 and 5 of the ␣-synuclein gene and may have inadvertently disrupted an unknown downstream gene.
Based on in vitro studies, it was proposed that ␣-and ␤-synuclein have opposite effects on synuclein solubility and Analysis of dopamine release. Synaptosomes were loaded with 3 H-dopamine (A) and 14 C-GABA (B) and superfused with normal Krebs bicarbonate buffer. Release was triggered sequentially by membrane depolarization (30-s pulse of 25 mM K ϩ ) and hypertonic sucrose (30-s pulse of 0.5 M sucrose). Released transmitters were monitored continuously in the superfusate. Data are given as mean Ϯ SEM from a representative experiment performed in duplicate and repeated independently three times.
neuronal viability (35) . However, our analysis of aged ␤-synuclein KO mice failed to reveal evidence of neurodegeneration or premature morbidity. Furthermore, we crossed ␤-synuclein KO mice with transgenic mice that overexpress mutant human ␣-synuclein, and we observed no change in the onset or severity of the age-dependent ''Parkinson-like'' neurodegenerative phenotype that is typically observed in these mice (S.C. and T.C.S., unpublished data). These results indicate that ␤-synuclein is not a major protective factor against ␣-synucleininduced neurodegeneration. Moreover, the fact that single ␣-or ␤-synuclein KOs have no effect on dopamine levels but the double KO causes a decrease in dopamine levels argues for functional redundancy between the two synucleins and against opposite functions. Such redundancy is also consistent with their molecular similarity.
However, the lack of a major synaptic or neurodegenerative phenotype in the ␣͞␤-synuclein KO mice does not imply that synucleins have no function. Our experiments tested only basic synaptic parameters and not functions that might occur under special conditions (e.g., when neuronal repair is activated). An indication that such functions may be performed by ␣-and ␤-synuclein was provided by the small decrease in brain dopamine and moderate changes in two synaptic signaling molecules (complexins and 14-3-3 proteins) that we detected in the double-KO mice. These changes may reflect subtle homeostatic alterations in the regulation of synaptic transmission. These and other possible synuclein functions that may be activated only under distinct circumstances remain to be tested.
